Iron overload is a consequence of several clinical disorders, such as thalassemia, sickle cell disease, hereditary hemochromatosis (HH), aplastic anemia, and myelodysplasia. Some of the major determinants of clinical outcome in iron-overloaded patients include the total amounts and concentration of iron in different tissues, irrespective of whether the iron overload results from transfusion therapy, increased dietary iron absorption, or both.

Chelation therapy or phlebotomy is necessary in order to avoid the serious clinical consequences of uncontrolled iron overload, which include liver cirrhosis and cardiac and endocrine dysfunction ([@b1]). Accurate assessment of body iron burden is therefore an important element of management for patients at risk of iron overload. For patients receiving iron chelation therapy, regular monitoring of body iron burden is essential to prevent iron toxicity, while avoiding potential adverse effects of excess chelator administration. Accurate determination of body iron stores can also be used in patients with HH to identify patients at risk of iron-induced organ damage who would benefit from phlebotomy therapy ([@b2]).

The reference standard for evaluating the magnitude of body iron overload in systemic iron overload is measurement of the liver iron concentration (LIC) ([@b3],[@b4]). Until recently, the conventional clinical method for measuring LIC was through chemical analysis of biopsy specimens and this has been considered the "gold standard" of LIC measurement ([@b5]). However, the invasive nature and risks associated with multiple liver biopsies preclude serial observations. Measurement of LIC and detection of fibrosis or cirrhosis in biopsy specimens are also subject to sampling variability, primarily as a result of the natural spatial variation of LIC and fibrosis throughout the liver relative to the small size of the biopsy ([@b6]--[@b8]). Furthermore, the variation in LIC throughout the liver increases as iron loading increases and with the development of cirrhosis ([@b6]).

To counter the shortcomings of liver biopsy, several noninvasive techniques have been applied to estimate LIC, including biomagnetic susceptometry based on superconducting quantum interference device (SQUID) technology and magnetic resonance imaging (MRI) techniques. However, biomagnetic susceptometry is currently only accessible at a limited number of centers ([@b2],[@b9]--[@b12]).

Since the 1990s, several MRI-based techniques for assessing LIC have been proposed ([@b13]). These techniques are based either on the measurement of the ratios of signal intensities from the liver and from a non-iron-loaded reference tissue ([@b14]) or the measurement and imaging of proton transverse relaxation rates (R2 or R2\*) within the liver ([@b15]--[@b17]). Radiofrequency pulse recalled echo imaging produces images for calculating T2 and R2 MRI parameters, and gradient echo imaging produces images for calculating T2\* and R2\* MRI parameters ([@b18]). However, one of the major limitations of these techniques is that they have typically been calibrated against LIC measurement by biopsy or other reference standard using a single scanner only ([@b14],[@b17],[@b19]). Furthermore, methods of image data acquisition and analysis are often not standardized. With regard to liver T2\* measurement, evidence indicates that calibrations are not transferable from one method to another. For example, a liver T2\* of 2.5 ms measured on a 1.5-T scanner gives vastly different LIC results depending on the calibration used, as follows: 5.4 mg Fe/g dry weight (dw) ([@b20]), 10.4 mg Fe/g dw ([@b17]), 10.7 mg Fe/g dw ([@b21]), 12.7 mg Fe/g dw ([@b22]), and 26.4 mg Fe/g dw ([@b23]). These wide-ranging LIC values for the same value of liver T2\* cover the range from low-risk (\<7 mg Fe/g dw) through moderate-risk (7--15 mg Fe/g dw) to high-risk (\>15 mg Fe/g dw) categories ([@b24]), making interpretation of the absolute value of the T2\* measurement problematic unless the specific method and scanner have been calibrated. Although monitoring the relative values of uncalibrated liver, T2\* in serial measurements may be useful in clinical practice to facilitate dose titrations of iron chelators in response to ongoing iron burden, the high cost of using MRI scanner time for such qualitative monitoring needs to be assessed in relation to the benefits gained above and beyond those obtained from serial serum ferritin measurements.

Other factors that can potentially confound calibrations of MRI methods of liver iron measurement are the presence of liver fibrosis and inflammation because of the associated change in water diffusion within the tissue ([@b13]).

We previously reported on calibration of the spin-density projection-assisted (SDPA) R2-MRI (FerriScan®) technique, using data from five different scanners on 105 patients with a range of iron-loading disorders ([@b16]). None of the subjects contributing to the calibration curve had been chelated with deferasirox (EXJADE®; Novartis Pharma AG, Basel, Switzerland), an oral iron chelator that has been approved for clinical use by the Food and Drug Administration since the original calibration study. We now report on the validity of the SDPA R2-MRI calibration using five more different scanners by comparing biopsy iron assays from a larger group of regularly transfused, heavily iron-overloaded patients with β-thalassemia treated with the iron chelator, deferasirox with the SDPA R2-MRI LIC measurements, allowing any impact of this chelation therapy, scanner type, age of patient, stage of liver fibrosis, and grade of necroinflammation on the calibration to be determined. Specifically, the study is aimed at determining (i) whether there is any significant bias between the SDPA R2-MRI and biopsy methods of measuring LIC and (ii) what are the limits of agreement between the two methods in order to determine whether SDPA R2-MRI can be used in place of biopsy for the purpose of measuring LIC in patients with thalassemia being treated with deferasirox.

METHODS
=======

Patients
--------

The ESCALATOR (*E*fficacy and *S*afety of long-term treatment with I*C*L670 in β-th*ALAs*semia patients with *T*ransfusional hem*O*side*R*osis) study was a 1-year prospective, open-label trial conducted in the Middle East that evaluated the efficacy and safety of treatment with deferasirox (ICL670) in 252 heavily iron-overloaded pediatric and adult patients with β-thalassemia ([@b25]). The 1-year core study was followed by an extension study over a median period of 1.7 years ([@b26]).

Detailed patient inclusion and exclusion criteria have been published elsewhere ([@b25]). Male or female patients aged ≥2 years with β-thalassemia and transfusional iron overload were eligible for inclusion if they had been treated with prior mono- or combination iron chelation therapy with deferoxamine and/or deferiprone, but had unacceptable toxicity, poor response, noncompliance, or any contraindication to deferoxamine. Patients were also required to have an LIC ≥ 2 mg Fe/g dw and a serum ferritin level of ≥500 ng/mL.

A subgroup of patients was enrolled in an optional MRI substudy during the 1-year core study in order to explore the potential role of SDPA R2-MRI as a noninvasive method for evaluating LIC. Patients who underwent the SDPA R2-MRI measurements of LIC were recruited from centers with local access to 1.5T scanners that were capable of performing the measurement protocol described below (see section MRI) and that passed the validation requirements described below (see section MRI Instrument Validation). All patients (or parents/guardians) gave written informed consent to participate in the study.

Assessment of LIC
-----------------

Liver biopsy was the reference technique for standardized determination of LIC during the 1-year core ESCALATOR trial. For the extension study, SDPA R2-MRI became the technique for standardized determination of LIC.

The validation study presented here uses biopsy data from end-of-core-study assessments and MRI data from end-of-core study (for patients enrolled in the MRI substudy) or extension baseline (for the remainder). End-of-core study MRI assessments constituted baseline assessments for the extension phase.

SDPA R2-MRI measurements and percutaneous needle liver biopsy samples (\>0.5 mg dw) were obtained from the patients at five clinical centers after 12 months of enrollment in the ESCALATOR core trial. MRI scanning was scheduled as close as possible to the liver biopsy procedure.

Determination of Liver Biopsy Iron Concentration
------------------------------------------------

Biopsy samples were fixed in buffered neutral formalin and were then embedded in paraffin. Histological examination of the biopsies and quantitative measurement of LIC by atomic absorption spectrometry (AAS) ([@b27],[@b28]) were carried out in a single laboratory (Rennes University Hospital, Rennes, France). Results were reported for samples with dw greater than 0.5 mg. Liver fibrosis staging and necroinflammatory grading were performed according to the Ishak scales ([@b29]).

MRI
---

Noninvasive measurements of LIC were made using the SDPA R2-MRI technique (FerriScan®) on five MRI scanners that were of different makes/models from the original five scanners used in the calibration study ([@b16]). The instruments used in the current study comprised a Philips NT Intera, a Philips Gyroscan, a Siemens Sonata, a Siemens Symphony, and a GE Signa Excite. MRI scanners were required to have a static field strength of 1.5 T and be capable of acquiring single spin-echo (SSE) images with a minimum echo time (TE) of 6 ms.

Details of the MRI methodology are described elsewhere ([@b15],[@b16]). In summary, axial images were acquired with a multislice SSE pulse sequence, with a pulse repetition time of 2500 ms, spin TEs of 6, 9, 12, 15, and 18 ms, and slice thickness of 5 mm. Bandwidths were set to the minimum value possible while still enabling a spin echo of 6 ms to be achieved. A frequency encoding matrix size of 256 was used, with typical fields of view between 350 and 400 mm (exact dimensions depending on patient size). The phase-encoding direction was set to anterior--posterior; technicians were given freedom to adjust the phase field of view and hence the size of the phase encoding matrix to accommodate the shape of the patient. The most commonly used phase field of view was 75%, giving the phase encoding matrix a size of 192. A 1000mL bag of normal saline solution was imaged with each patient to provide an external long T2 reference for the correction of instrumental gain drift and signal intensity variations due to any bandwidth changes. Each patient was positioned so that the liver was located central to the phased array torso coil. Slices (*n* = 11) were collected for each patient, with a gap between slices of 5 mm and the first slice positioned near the top of the liver such that slices were spread across the majority of the liver. Patients were required to refrain from movements of their torso during data acquisition. Breath-hold methods were not employed. Typical data acquisition times were 22 min.

MRI Instrument Validation
-------------------------

As a part of the quality assurance process each scanner was validated by assessing the precision and accuracy of the measurement of R2 for a series of 15 MnCl~2~ solutions with different concentrations, using the same pulse sequence as used for the patients. The range of concentrations of MnCl~2~ (0--3.2 mM) provided R2 values spanning the range encountered in healthy and iron-loaded human liver. Phantoms were prepared in a central laboratory and delivered to each MRI unit as a single box.

MRI Data Analysis
-----------------

All MRI data were analyzed by trained analysts at a single laboratory (Resonance Health Analysis Services Pty Ltd., Australia) working under ISO9001 quality-controlled conditions. MRI data analysts were blinded to the biopsy AAS results. Data analysis followed the general principles outlined by St. Pierre et al ([@b15]). This method involves the correction of gain drift between images measured at different TEs, the measurement of image background noise, the subtraction of the image background noise from the magnetic resonance signal in quadrature, and the modeling of signal decay in each voxel with a monoexponential (phantoms) or biexponential (patients) function and an estimate of the MRI signal intensity at zero TE using the technique of spin-density projection ([@b15]).

R2 distributions and the mean R2 for the maximal cross-sectional liver slice were calculated. LICs were calculated from the mean R2 using the previously reported calibration curve ([@b16]). Image analysts made no attempt to colocalize the region of R2 measurement with the biopsy location.

Statistical Analyses
--------------------

Upper and lower 95% limits of agreement between the LIC values determined from the SDPA R2-MRI and those obtained from biopsy were calculated using the methods of Bland and Altman ([@b30]). Ninety-five percent limits of agreement provide information about an interval within which 95% of differences between measurements by the two methods are expected to lie. One sample *t*-tests were used to determine whether mean fractional differences between SDPA R2-MRI- and biopsy-measured LIC values were significantly different from zero at the *α* = 0.05 level. Bartlett's test was used to determine whether variances of the percentage differences between SDPA R2-MRI- and biopsy-recorded LIC values for patients measured on different scanners were significantly different from each other at the α = 0.05 level. All differences between the LIC measurements made by the two techniques were analyzed in terms of fractional (or percentage) differences since in both the original calibration study ([@b16]) and the current study, the variance of absolute differences between the two techniques was found to increase with LIC while the variance of fractional differences remained approximately constant across the LIC range.

RESULTS
=======

Patients
--------

Two hundred forty-seven patients were enrolled in the ESCALATOR extension study, of which 233 from five different sites were included in the SDPA R2-MRI validation study. Fourteen patients were excluded for the following reasons: biopsy mass \< 0.5 mg (*n* = 4); unresolvable data mismatch (*n* = 1); biopsy mass \< 0.5 mg and unresolvable data mismatch (*n* = 1); discrepancy between biochemical iron assay and histopathology result (*n* = 2); MRI scan not obtained (*n* = 2); and biopsy sample not obtained (*n* = 4).

Patients were aged from 3 to 43 years and all patients were receiving regular transfusions and treatment with deferasirox ([Table 1](#tbl1){ref-type="table"}). Mean deferasirox treatment duration was 52.4 ± 4.1 weeks (median 52.3 \[range 6.4--61.3\] weeks). Noninvasive measurements of LIC were made using the SDPA R2-MRI technique (FerriScan®) on five different MRI scanners (Philips NT Intera \[82 subjects\]; Philips Gyroscan \[102 subjects\]; Siemens Sonata \[18 subjects\]; Siemens Symphony \[11 subjects\]; and GE Signa Excite \[20 subjects\]). The mean timing of the MRI scan after the date of biopsy procedure was 15 ± 38 days.

###### 

Patient Characteristics

  Characteristic                                                                                   Patients (*n =* 233)
  ------------------------------------------------------------------------------------------------ ----------------------
  Mean age at date of scan ± SD, years (range)                                                     14.3 ± 7.1 (3--43)
  Age group, *n* (%)                                                                               
   ≥3 to \<8 years                                                                                 39 (16.7)
   ≥8 years                                                                                        194 (83.3)
  Female:male, *n*                                                                                 113:120
  Race (Caucasian:Oriental:other), *n*                                                             68:124:41
  History of hepatitis B only, *n* (%)^[a](#tf1-1){ref-type="table-fn"}^                           4 (1.7)
  History of hepatitis C only, *n* (%)^[a](#tf1-1){ref-type="table-fn"}^                           71 (30.5)
  History of hepatitis B and C, *n* (%)^[a](#tf1-1){ref-type="table-fn"}^                          4 (1.7)
  Splenectomy, *n* (%)                                                                             94 (40.3)
  Previous chelation therapy, *n* (%)                                                              
   DFO monotherapy                                                                                 190 (81.5)
   Deferiprone monotherapy                                                                         4 (1.7)
   DFO + deferiprone^[b](#tf1-2){ref-type="table-fn"}^                                             39 (16.7)
  Median duration of previous chelation therapy, years^[c](#tf1-3){ref-type="table-fn"}^ (range)   6.7 (0.1--21.0)
  Mean duration of previous transfusions ± SD, years                                               12.0 ± 6.5
  Mean number of transfusion sessions in the year prior to study entry ± SD                        15.6 ± 4.9
  Mean volume of packed red cells transfused in the year prior to study entry ± SD, mL/kg          174.3 ± 68.3

DFO, deferoxamine; SD, standard deviation.

Investigator-reported patient history.

Patients had received prior chelation with DFO and deferiprone, although these may not have been given in combination.

*n* = 161.

Limits of Agreement Between SDPA R2-MRI and Biopsy Measurement of LIC
---------------------------------------------------------------------

[Figure 1](#fig01){ref-type="fig"} shows the LIC measurements by SDPA R2-MRI plotted against those made by biopsy with the solid line representing the line of equivalence.

![a: LIC measurements by SDPA R2-MRI vs. LIC measurements by biopsy (*n* = 233). The solid line is the line of equivalence; b: Bland--Altman plot showing the fractional differences between the two measurements of LIC for each subject. The solid line shows the mean fractional difference and the dotted lines show the 95% limits of agreement between the two measurements. Symbol shape indicates scanner used: • Philips NT Intera; ▪ Philips Gyroscan; ♦ Siemens Sonata; ▴ GE Signa Excite; ▾ Siemens Symphony.](mrm0071-2215-f1){#fig01}

LIC values (calculated as the mean of SDPA R2-MRI- and biopsy-measured values for each patient) ranged from a minimum of 0.7 to a maximum of 50.1 mg Fe/g dw for all patients included in the study (corresponding to R2 values from 29 to 306 s^−1^ or T2 values from 34.5 to 3.3 ms). The upper and lower 95% limits of agreement between the SDPA R2-MRI and biopsy measurements of LIC were 74 and −71%, respectively, with the mean percentage difference being 1.9 ± standard error 2.4% ([Fig. 1](#fig01){ref-type="fig"}b), which is not significantly different from zero, thus validating the previously reported calibration curve ([@b16]) in this cohort of subjects.

Staging of Fibrosis and Grading of Necroinflammation
----------------------------------------------------

The stage of fibrosis most frequently encountered was Ishak stage 2, while the most frequently encountered necroinflammation grade was 0 ([Fig. 2](#fig02){ref-type="fig"}). The Ishak fibrosis staging for the 233 patients was as follows: 0 (*n* = 15, 6.4%), 1 (*n* = 43, 18.5%), 2 (*n* = 68, 29.2%), 3 (*n* = 33, 14.2%), 4 (*n* = 20, 8.6%), 5 (*n* = 26, 11.2%), and 6 (*n* = 25, 10.7%); and for the necroinflammation grades was as follows: 0 (*n* = 68, 29.2%), 1 (*n* = 60, 25.8%), 2 (*n* = 39, 16.7%), 3 (*n* = 23, 9.9%), 4 (*n* = 20, 8.6%), 5 (*n* = 8, 3.4%), 6 (*n* = 10, 4.3%), 7 (*n* = 1, 0.4%), 8 (*n* = 0, 0.0%), and 9 (*n* = 1, 0.4%); fibrosis stages and necroinflammatory grades were unavailable for three patients ([Fig. 2](#fig02){ref-type="fig"}).

![Distribution of (a) Ishak fibrosis stages and (b) Ishak necroinflammatory grades for patients in the study. Three patients unknown.](mrm0071-2215-f2){#fig02}

Effect of Fibrosis Stage on Agreement Between SDPA R2-MRI and Biopsy Measurements of LIC
----------------------------------------------------------------------------------------

The standard deviation of the percentage differences between SDPA R2-MRI- and biopsy-measured LICs increased with worsening liver fibrosis stage ([Fig. 3](#fig03){ref-type="fig"}) from 30% at Ishak stage 0 to 39% at Ishak stage 5--6. However, the increase was not statistically significant with 95% confidence.

![Effect of fibrosis stage on agreement between SDPA R2-MRI and biopsy measurements of LIC.](mrm0071-2215-f3){#fig03}

Equivalence Across Liver Fibrosis Stages and Necroinflammatory Grades
---------------------------------------------------------------------

The mean fractional differences between SDPA R2-MRI- and biopsy-measured LIC for each stage of fibrosis were not significantly different from zero, indicating that the calibration curve is applicable across all stages of liver fibrosis ([Fig. 4](#fig04){ref-type="fig"}a).

![Fractional differences between LIC measurements by SDPA R2-MRI and biopsy for patients with different (a) liver fibrosis stages and (b) necroinflammatory grades. Means and standard errors of the means are shown. Fibrosis stages and necroinflammatory grades were unavailable for three of the 233 patients.](mrm0071-2215-f4){#fig04}

The mean fractional differences between SDPA R2-MRI and biopsy-measured LIC for each necroinflammatory grade were not significantly different from zero, indicating that the necroinflammation did not have a significant effect on the calibration curve in these patients ([Fig. 4](#fig04){ref-type="fig"}b).

Reproducibility Between Scanner Makes and Models
------------------------------------------------

The mean fractional difference between the SDPA R2-MRI and biopsy LIC measurements for each MRI scanner was not significantly different from zero ([Fig. 5](#fig05){ref-type="fig"}), indicating that the original calibration curve was applicable to this new patient group across different MRI scanners. Furthermore, variances of the percentage differences between the biopsy- and SDPA R2-MRI-derived LIC measurements for the five scanners were not significantly different (Bartlett's test for equal variances), indicating that the precision of LIC measurement was not significantly different between scanners ([Fig. 5](#fig05){ref-type="fig"}).

![Fractional differences between LIC measurements by SDPA R2-MRI and biopsy for 233 patients on five different MRI scanners. Means and standard errors of the means are shown. The median (range) of mean LIC measured on each scanner were: Philips NT Intera, 16.2 (4.7--50.1) mg Fe/g dw; Philips Gyroscan, 9.5 (0.7--42.6) mg Fe/g dw; Siemens Sonata, 27.4 (12.5--38.6) mg Fe/g dw; GE Signa Excite, 9.3 (1.4--39.8) mg Fe/g dw; and Siemens Symphony, 21.4 (6.4--40.2) mg Fe/g dw.](mrm0071-2215-f5){#fig05}

Validation in Children
----------------------

A total of 39 patients were less than 8 years of age, with the youngest being 3 years old \[8 years was the minimum age of patients involved in the original calibration ([@b16])\]. In this population, the mean fractional difference in LIC between SDPA R2-MRI- and biopsy-measurement was not significantly different from zero, indicating that the same calibration can be used in children ([Fig. 6](#fig06){ref-type="fig"}).

![Fractional differences between LIC measurements by SDPA R2-MRI and biopsy for 39 subjects aged less than 8 years, and 194 patients aged 8 years and above. Means and standard errors of the means are shown. The medians (ranges) of the mean LIC measurements for the subjects less than 8 years old were 13.7 (5.1--38.0) mg Fe/g dw and for the subjects 8 years old and above were 13.4 (0.7--50.1) mg Fe/g dw.](mrm0071-2215-f6){#fig06}

DISCUSSION
==========

Our previous calibration study showed that the SDPA R2-MRI technique had negligible instrument-dependent systematic errors, a universal calibration curve applicable to patients with a range of iron-loading disorders and iron concentration imaging capabilities ([@b16]). In this study, we now expand these findings and show that the calibration curve for the SDPA R2-MRI technique appears to be unaffected by differences in stage of liver fibrosis, grade of liver necroinflammation, patient age, use of deferasirox iron chelation and type of scanner; with no statistically significant deviations in a group of 233 regularly transfused patients with β-thalassemia treated with deferasirox.

There is a need for a quantitative means of measuring body iron storage that is noninvasive, safe, accurate, and readily available to improve the diagnosis and management of patients with iron overload. LIC is used as a surrogate for total body iron stores ([@b27]). Precise and accurate assessment of LIC aids physicians in determining if and when chelation or phlebotomy therapy should begin, for monitoring response to chelation therapy and adjusting regimens accordingly, and for providing accurate feedback to patients to address potential compliance issues.

Conventionally, LIC has been measured by chemical assay of biopsy tissue. An advantage of biopsy measurement of LIC is that histopathology can yield further information about the status of the liver such as fibrosis stage, necroinflammation grade, and distribution of iron between hepatocytes and Kupffer cells. However, liver biopsy is invasive and is subject to sampling variations, particularly with increasing iron loading and the development of fibrosis and cirrhosis ([@b6]). Furthermore, many patients, particularly those with transfusional iron overload related to hematological malignancies, have contraindications to biopsy, such as thrombocytopenia or other bleeding diatheses.

In this study, the upper and lower 95% limits of agreement between the SDPA R2-MRI and biopsy measurements of LIC were 74 and −71%, respectively. These limits were greater than those observed in the original calibration study (50 and −56%) ([@b16]) and may reflect the generally higher stages of fibrosis and hence higher degrees of biopsy sampling error observed in the current population of regularly transfused patients (75% with Ishak fibrosis stage 2 and above) compared with those in the original calibration study (45% with Ishak fibrosis stage 2 and above) ([@b16]). By taking a subsample of the subjects in this study (*n* = 55) with a distribution of fibrosis stages to match those in the original calibration study, the 95% limits of agreement become 55 and −61%, which are more similar to those in the calibration study.

Emond et al. ([@b6]) showed that single biopsy LIC measurements are less precise in livers with moderately elevated LIC and that the precision worsens as the overall iron load of the liver increases ([@b6]). Their findings, alongside others, showed coefficient of variation values for multiple needle biopsy measurements of LICs from individual livers range from an average of 19% for disease-free liver to an average of more than 40% for end-stage liver disease for biopsy sample dry tissue mass of less than 4 mg ([@b6],[@b8]). The underlying reason for the increased sampling error of biopsy-based LIC measurement with higher stages of fibrosis is related to the lack of iron deposition found in the fibrous septa and the spatial inhomogeneity of fibrosis within the liver ([@b31]). These coefficients of variation of measurement of LIC by biopsy (19--40%) correspond to repeatability coefficients (the equivalent of 95% limits of agreement but for repeat measurements rather than comparison of measurements) of ±53% to over ±111%. Thus, the biopsy sampling error is likely to be a major contributor to the span of limits of agreement of 74 to −71% observed in this study. From repeatability studies of the SDPA R2-MRI technique ([@b16],[@b32]), the standard error on a single LIC measurement can be estimated to be approximately 15% on average (slightly higher at extreme high and low LIC values and slightly lower in the middle of the range). Thus, the repeatability coefficient for LIC measurement by SDPA R2-MRI is approximately ±42%, somewhat lower than that for biopsy. The variance of the agreement between SDPA R2-MRI and biopsy measurement was greater as the liver fibrosis stage worsened. Although the increasing trend of the variance with fibrosis stage is consistent with observations showing that biopsy sampling error increases with worsening fibrosis stage ([@b6]), it was not statistically significant.

Another factor that could contribute to the magnitude of the variance of the differences between R2-MRI LIC and biopsy LIC is a postulated variation in relationship between liver R2 and LIC between individuals. Such a variation is impossible to measure directly. However, assuming such a variation exists, the results of this study suggest that it is a variation that does not systematically vary with degree of fibrosis, grade of necroinflammation, age of patient, or type of chelation. The presence of liver fat is known to have an effect of liver T2\*/R2\* measurements because of the chemical shift between water and fat protons. While T2/R2 measurements are not prone to the same effect, a limitation of this study is that liver fat was not quantified in the biopsy histology. As such, the role of the presence of fat as a contributor to the variance in differences between biopsy and SDPA R2-MRI remains to be determined.

The relative contributions to the overall limits of agreement between the R2-MRI and biopsy measurements of LIC can be estimated as follows. The variance of the R2-MRI measurements of LIC based on studies of repeatability ([@b32]) can be estimated to be approximately 0.0225 (i.e., approximately 15% coefficient of variation). The variance of measurements of LIC by biopsy ranges from an average of 0.0361 (i.e., 19% coefficient of variation) for fibrosis stage 0 to 0.1600 (i.e., 40% coefficient of variation) and above for fibrosis stage 6 ([@b6]--[@b8]). By assuming a linear variation of the variance of biopsy LIC measurements with fibrosis stage from 0.0361 at stage 0 to 0.1600 at stage 6, the weighted average variance for the biopsy LIC measurements in this study can be calculated to be 0.0934 (i.e., a 31% coefficient of variation). The variance of the differences between the R2-MRI LIC measurements and biopsy LIC measurements would be expected to be the sum of (i) the variances associated with R2-MR repeatability, (ii) the variance associated with the biopsy LIC measurements, and (iii) the variance associated with any other factors such as variations in the R2-LIC calibrations between individuals or any other factor that has not been considered. Since the overall variance between the R2-MRI and biopsy LIC measurements is 0.1368 (given by the square of the \[upper and lower 95% limits of agreement interval divided by 1.96\]), the variance associated with the third contribution can be estimated to be 0.0209. If we conservatively attribute all of the variance associated with the third contribution to R2-MRI measurements (e.g., calibration differences between individuals), then the overall variance contributed to the limits of agreement by the R2-MRI LIC measurements is 0.0434 (equivalent to a coefficient of variation of 21%) compared with 0.0934 (equivalent to a coefficient of variation of 31%) for the biopsy LIC measurements. Interestingly, using this analysis, the standard deviation of differences between R2-MRI and biopsy measurements of LIC for subjects with fibrosis stage zero is predicted to be 28 ± 7% (cf. observed standard deviation \[SD\] of 30%, [Fig. 3](#fig03){ref-type="fig"}), while that for subjects with fibrosis stages 5 and 6 is predicted to be 44 ± 6% (cf. observed SD of 39%, [Fig. 3](#fig03){ref-type="fig"}).

The magnitude of biopsy sampling errors and their relationship to stage of liver fibrosis indicate that it is necessary to take into account the distribution of fibrosis stages within a patient cohort when assessing the 95% limits of agreement between MRI measures of LIC and biopsy measures of LIC.

The increased sampling error of biopsies with increasing iron load may also partly explain the reduced sensitivity and specificity of the SDPA R2-MRI technique for prediction of biopsy LIC at higher LICs observed in the original calibration curve study ([@b16]). However, high levels of sensitivity and specificity were observed in that study at the clinically important LIC thresholds of 1.8, 3.2, 7.0, and 15.0 mg Fe/g dw ([@b16]).

As with the calibration study ([@b16]), the assessments reported in the current study were made across five different scanners. The scanners were different from the original scanners used in the calibration study. No statistically significant differences in accuracy or precision of LIC measurements between the five scanners were observed. This observation suggests that the SDPA R2-MRI technique (which includes a scanner validation protocol using the aqueous MnCl~2~ phantom validation standards) can be used with confidence across a range of commercially available MRI scanners. Furthermore, no detectable changes in the calibration curve were caused by deferasirox therapy, the presence of liver fibrosis or necroinflammation, or use in children. The observation that the use of deferasirox (used on all subjects in this study for approximately 12 months and used on no subjects in the original calibration study) does not alter the calibration curve is important because recent studies in an animal model suggested that use of chelators could potentially change R2-LIC calibration curves ([@b33]). Validation of the calibration curve in patients receiving deferasirox means that the SDPA R2-MRI technique may provide an effective tool to monitor chelation therapy and modify treatment accordingly. Results from the ESCALATOR study have shown the importance of timely dose adjustments in order to achieve clinical goals, thus underscoring the importance of a reliable method to assess iron overload ([@b25]).

One advantage of the SDPA R2-MRI technique used in this study is that breath-holds are not required, thus enabling easier measurement of patients with the inability to comply, such as children. However, data acquisition for the SDPA R2-MRI technique is generally longer than the single breath-hold T2\*/R2\* techniques; recent advances have reduced data acquisition time for the SDPA R2-MRI method to approximately 9--22 min ([@b32]). While the 9-min data acquisition protocol has been compared with the 22-min data acquisition protocol at two sites ([@b32]), widespread implementation of the new protocol would require a multicenter study to test for bias and precision differences from the 22-min data acquisition protocol.

In conclusion, our findings confirm the clinical usefulness of SDPA R2-MRI as a safe and noninvasive monitoring tool for iron overload. To date, this is the only MRI technique that has been calibrated and validated across multiple scanners in patients of different ages, with different stages of liver fibrosis and grades of liver necroinflammation, and in the presence of deferasirox chelation therapy. SDPA R2-MRI measurement of R2 provides a reliable and an accurate method for estimation of LIC that is suitable for diagnosis and management of patients with iron overload. This technique should facilitate iron chelation therapy by providing accurate liver iron measurements for determining optimal chelation dosing.
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